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EFFECT OF OXYGEN ON THE IGNITION OF LIQUID FUELS.*
By H. Pahl.

Introduction

The ignltiomr temperature, iénition lag, and ignition
strength of simple and homogeneous fuels in combustion air of
small oxygen content differ from what they are in alr of
greater oxygen centent. In the case of small oxygen content,
these fuels behave as if mixed unevenly. In the case of alr
with a definite exygen content, the simple fuels have two lgni-
ticr points, between which ignition takes place within a certain
temperature range. The phenomena are explained by pyrogenous
decompodition, comparison of the individual heat quantities,
and the effect of the walls.

Apparatus (Figure 1)

' The bottle & 1s filled partly with air and partly with
the desired quantity of cxygen. The water, flowing out of the
bottle D, -forces the mixture of gases through the finely ad-
justable three-way cock ¢, 1into the wash bottle d, or 1lnto

the absorption vessel e. After being washed, the mixture is

*1Einfluss des Bauerstoffs auf die zandung flussiger Brennstoffe"

in Zeltschrift des Vereines deutscher Ingenieure,®™ Jume 16, 1928,
pp. 857-860.
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dried in the calcium chloride tube f and heated in the copper
tube g -before it reaches the ignition block k and the com-
bustion chamber v (Flg. 3) The opening in the plug of the

ignition block, through which the combustible mixture is intro-

-duced, is made as small as possible, so that the mixture of alr

and exygen will not Be diluted with extransous alr. The fuel
falls in small drops from the movable dropping tube h (Fig. 1),
into the combustion chamber v (Fig: 2). The ignition block is
electriocelly heated, the temperature in the bleck ahd in the
combustion chamber being measured with the aild of an iron-
constantan thermocouple. The ignition block 1s simllar to the
Krupp ignition-point tester.* It 1is, however, larger than the
latter so that a sufficient amount of oxygen is always avallable
even when experimenting with alr. The capacity of the combus-
tion chamber is 11 cm® (0.871 cu.in.) as against 3 cma (0.183

ou.in.) in the XKrupp ignition tester.
Procedure

The experiments were performed ln series for a definite
oxygen content of the mixture. The barometer stood mt about

735 mm Hg. Before and after each series of experiments the oxy-

.gen. content of the mixture in bottle a was measured by aeans of

*Otto Alt, "Flusslge Brennstoffe und ihre Verbrennung in der
Dleselmaschine' in V, D. I., July 14, 1923, pp. 686-691. For
translation, see N.A.C.A. Technical Memorandum Nc. 381l: "Combus-
tien of Liquid Fuels in Diesel Engine,® 1934,
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pyrogalllic acid. Both measurements always gave the same result.
“'The mixture was so regulated thax about 350 bubbles or 40 cm®
ﬂ2.44 cu.in. per minute passed through the washing bottle. The
éombustion chamber was thoroughly rinsed after each test. 1In
- each test it was determined:
l. Whether any ignition at all took place in the

combustion chamber at the existing temperature;

2. After how long a time the ignitlion took place, that
ls, the ignition lag;

3. The strength or intensity of the lgnltion.

The series of tests were made with fallfng temperatures.
The heat flow could thus be so regulated that the temperature
drop between two ccnsecutive measurements was only a fractlon
of a degree.
The temperature in the combustion chamber was not measured
" direotly. The temperature difference in the lgnition bleok
and ln the combustion chamber was measured Ex the beginning and
at the end of each serles of tests and also at every 1.00°0.
Oﬁly the temperature of the ignition bPleck was read durling the
dellivery of the fuel. The temperature in the combustion chamber
-;;s-tﬁen deteimiﬁed from the-abové—meﬁﬁloﬁed temperature differ-

ences., The 1lgnition lag waé determined by measuring with a stop
watch the time elapsed from the lnstant the drop left the drop-
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ping tube to the instant of 1gnltion. This measurement is very
.inaccurate,.although.xhe.erroré in the great number of tests
tend to offset one another.

The strength of the ignition cculd be determined from the
height and colcr of the ignitien flame, although the determina-
tion was rendered difficult by personel errors and the shortness
ef the time available for observation. The height of the flame
was reckoned from the bottom of the cembustion chamber. Tue
color of the flame was blue for strong ignitions in which.violent
explosionse ensued. As the strength of the ignitivns diminighed,
the violence of the explcsiens diminished alsn, and the color
changed to white and then te yellow. The Lelght of the flame,
raloulated on the basls nf the tlue flame, was therefore chésen
as the criterisn for the ignition strength, the factor 0.55
being adopted fer the white flame and 0,1 for the yellcw flame.

In the preliminary tests it was fcund that the Ignition
temperature varied several degrees whenr the veleccity of the mix-
ture in the combustlon chamber -varled. In the maln tests, there-
fore, the mixture was shut off by compressing the tube 1 with
the hand during the admlisslon of the fuel from the drcpping tube.
-Furthermore, the quantity of fuel used for each test always had
to be the same. ° The dropper was therefore a finely drawn glass
tube furnishing very small drops of abcut 3 mg (0.000108 oz.)
weight. ' |

The ipvestigation covered chemlically pure benzene (cgng),
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chemically pure allyl aleohol (C3HgOH), commernial benzine

at 15°C). Benzene and allyl alcohnl Were nhosen bernause they
are simple and homogeneous ncmpounds. Bernzine and gas oll, on
the contrary, are not homngeneous, but are mixtures of several

hydrocarbons of high mecleocular weight.
Experimental Results

In the tests with allyl alcchol, benzine and gas oll, the
effect of oxygen on the ignition point, ignition lag and igni-
tlon strength was determined. In the case of benzene, due to
the high temperatures required, only the effect nf the oxygen
~n the lgnitior: point was investigated. In Figures 3 to 6 esach
series of experiments with a glven oxygen content appears as a

vertical line. 1In the gas-nil tests a indicates partial fail-

ure to ignite in these regions. The lnwer ends of the vertical
lines represent the ignition points. Their union forms the lg-
nition curve, whilch bounds the field of igniticn.

In the case of allyl alcohol and benzene the ignltlon
curves are irregular, i.e.,-the ignitien polnts vary for slight

changes in the tesat condltions. The same is true of benzilne

.and gas oll for a low cxygen content of the mixture. The igni-
tion polnts of benzine and gas ci%, sn the other hand, are very
stable for a high oxygen ccntent and therefore scarcely affected
by ohanges in the test ccenditions.
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For allyl alcchcl and benzene the ignition temperatures
risé witﬁhd;éreasing oxygen content the ignition ocurves asymp-
totically approaching the ordinate of zero oxygen content.
Benzine (Fig. 5) and gas oill (Fig. 6), behave quite differently.
The ignition point of benzine is constant for an oxygen content
cf 35 to 100%, and of gas oll for an cxygen content of 33 to
100%4. The igniticn temperature rises with decreasing oxygen
content, as in the cases nf .allyl alcohol and benzene,xdnly for
a small oxygen content (21 to 33% for benzine and 31 to 26% for
'gas oll). This portion of the ignitien curve alse asymptctically
approaches the ordinate of zero cxygen centent.

Particularly strlking, however, 1s the behavlior cf benzine
-for an oxygen content of 26 to 34% and cof gas oll for an oxygen
content of 22 tn 36%. In these régiens ignitiocn takes place
regularly down to a certain temperatqre, below which 1t 1s then
entirely interrupted for a certain temperature range. Below this
range the mixture agaln ignites regularly, down to a certaln tem-
perature, below which nc further 1gnifion takes place. The tem—
perature ranges within which the 1gnition is interrupted become
smaller with increasing oxygen ccntent (Figs. 5 and 6).

Figures 7 to 9 represent the ignition lag pleotted against
tﬁé tempéréture in the combustien chambér for different percent—-
ages of oxygen with allyl alcohcl, benzine and gas oil. Thke ao-
tual values of the igniticn lag are smaller than those entered
in the diagram, by the time'occupied by the fall of the drops, -
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which 1s 0.3 second. During the combustion in the engine the

ignition lags are mdnh smaliéi; due to the very much smaller
slze of the drops.

According to these results the ignition lag increases fcr
all three fuels with derrsaslng oxygen centent, as well as with
Qecreasing temperaturs. In the caséa of benzine and gas oil,
however, the curves are nnt contlnucus. Wlth a low exygen con-
tent and high temperatures these fuels behave very differently
than with a high nxygen rcontent and lecw temperaturea. In the
first case they are like allyl alzckel. The curves spread out
like a fan and, at most, reach values of only 2 to 3 seconds.
The curves for a high oxygen rcntent and lew temperatures, on
the contrary, tend toward the ignition axis, thus acquiring a
steep slore. The lgnitiern lag 1s therefore greatly lncreased
in comparison with the ignition temperature, srmetimes reaching
15 and even 23 seconds.

In Figures 10 to 123 the flame heights, reckoned on the
basls of the blue ignition flame as the measure of the ignition
strength for allyl alcchol, benzine and gas oll, are plotted
against the teﬁperaxures in the combustion chamber. Accordlng
tc these curves the ignition strength decreases 1n general with
fhe oxygén dbntent, which fadt agrees with the lncrease in the
ignitlcn lag. In the cases of benzine and gas oll, however, the
curves are bent strcengly downward with thelr lowest values at

certaln temperatures. ¥For benzine this temperature is about
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hzgsogi_for gas oll, about 430°C. With insufficilent oxygen the
ignition:sf;éng£hfbeé;ﬁ;s negative, that 1s, the ignition ceases.

The increasing of the ignition strength in tﬁe.neighborhood
of the ignition polnt for high nxygen content is worthy -of note.
The ignitions, for benzine and gas oil, in particular, reach
thelr greatest lntensity shortly above the lgnition temperature.
Despite the steep drop ¢f many curves, the transition from the
ignition region tc the region of no ignition is always gradual.
To be sure, the reginn in which the ignition strength decreases,
as, for example, in benzine, often embraces cnly 1 to 2 degrees.
This reglon becomes greater with the lewering of the oxygen con-
tent. In the case of gas oll (Fig. 13) the ignition strength
drops so 19w that with medium oxygen ccntent and up te 3° above
the ignitien point the flame fails t2 emerge from the combus-
tion chamber. With a small oxygen content no flame appears be-
luw 4° above the ignition temperature, Tut smoke is ejected from
the combustion chamber after a certain intervel ¢f time.

With hydrscarbcns of high melecular weight, the experiments
show that the ignitien bcints and ignition lags behave qulte 4dif-
ferently for mlxtures of 1lnw cxygen content than for those of
high oxygen content. In mixtures of low oxygen content they be-
have the Eéﬁe as for the simple compounds, allyl alcohol and
benzene. Tris leads to the inference that hydrocarbons of high
molecular weight ferm hydrocarbons of lower molecular weight Dby

.pyrogenous decompcsltlen. Moreover, the ignition-strength
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curves indicate g particularly lively decompositlon of hydrocar-

" “bona of high nolecular weight within a certsin temperature range.

This decomposition 1s an endothermic process and therefore
requlres heat. On the other hand, heat 1s freed by a flameless
oxldation preneding the ignitien. That such oxldatien takes
place is shown by the follewlng conslderation. -We speak of com-
bustion only when a flame is produced, therefore when a temper-
ature of at least R00°0 is reanhed. The heat for this rise in
the temperature of the gases nan be prcduced only by the reac-
tion of carbon and hydrngen with oxygen. If ignition 1s to take
place, the heat llberated by the flameless oxidatlon must always
be greaiver than the heat necessary for the decompesition of the
hydrocarbons.

The more the heat of rembustion exceeds the heat required
for the decomposition, the stronger the combustion becomes.

The smallest val?es of the ignitlon strength, as 1llustrated

by the height of the flame in Figures 11 and 13, are therefore
explained by the fact that, at these temperatures, very vigorous
decompnsitlons occur so that/ﬁigg ls absorbed. This fact 1s
corroborated by the results of Rleppel's experiments ("Mitt.

liver Forschungsarbelten," publlshed by V. D. I. (%eitschrift des
'Vereines deutsnher Ingenieure) No. 55, 1908). His steam-pressure
lines become vertical in the same temperature region, thus indi-

cating decomposition. If the ignition strength decreases with

decreasing cxygen ocontent, then, according to the above hypothe-
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- -- -.sls, the .surplus. combustien heat must also decrease. This can
be explaiﬁed by the behavior of the cnmbustion alr and fuel
vapors in the combustlen chamber. .The greater the cxygen con-
tent is, the mnre vigerously 1t penetrates the fuel vapors.

In the decompositien c¢f compounds of high molecular weight the
fuel vapors burn as leng as there 1ls any cxygen. The rest then
bresks up, into simpler hydroca;bons.

The more oxygen there is present, the greater is the por-
tion of the fuel vapnrs burned in comparisen with the porticn
which is simply dissnciated. At the temperature at which the
dissociation 1s the strcrgest when the oxygen content is small,
the liberated cembustion heat no lornger suffices to raise the
temperature to the combustlon polnt. The smaller the oxygen

.content 1s, the greater the temperature range ever which the ig-
nition falls.

At hlgh temperatures of the combustion chamber, a portion
of the heat of disseclation is furnished by the combustion air
or by the surrouﬁding walls. Gonséquently, a greater portion
cf the combustion heat 1a avallable for heatlng the gases, and
the igniﬁion becomes stronger. At low tempefaxures, on the
.other band,. the tendency of tpe fuel vapcrs of high molecular
welght to disseciate 1s smaller, and less heat is therefo;é
required for the dissociatioﬁ, so that the combustien heat 1s
agaln in excess, and the ignition beoomes stronger.

A certaln interval of time elapses before the ccmbustion
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?q@pergmure is reached. The more v heat lmparted to the sur-
rounding walls, i.e., the colder the mombustion chember, the
greater thils interval of tlme becomes. Tﬁis explains the in-
crease in the ignition lag with falling temperature. The steep
slope of the ignit;on lag shortly above the ignition point is
due to the fact that, within this temperature range and up to
the ignition point, the portion of the heat used to vaporize
the fuel is greater than at high temperatures. In the latter
case, dissociatinn takes place in the vapor hulls flrst formed
around the fuel drops, so that ignition occurs before the fuel
is fully vaporized. For this reason, two or more ignitions

are obtailned in succession at high temperatures, 1f the oxygen
supply is not interrupted. Below the temperature at which the
decompositlon 1s the strongest, the latter, and consequently
the combustion, prcceeds very slecwly. Hence there is sufficient
time for extensive vapcrization. If ignition'then takes place,
the combustion chamber contains such a large quantity of fuel
vapors that the ignlitioen 1s very wviolent.

The constancy of the ignition temperature fcr mixtures of
high oxygen content 1s explalned by the fact that belew the 1g-
nition point the decomposition of fuel vapers of high molecular
welght practically ceases. Variations in the experimental con-
ﬁitions can therefore have only a very siight effect on the ig-
nltion temperature. This slight effect is due to  the fact that

the fuel is a mixture gf several hydrocarbons.
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In simple hydrocarbons, decompositlon and flameless oxida-
— tiéﬁwabcﬁr,'fb be sure, even below the 1gﬁ1tioﬁ temperature.
This oxldation proceeds very slowly, but is accelerated by
ralsing the temperature of the combustion chamber. Since sim-
ple hydrocarbons, especially the saturated ones and those of
the benzene series, require more heat for thelr decompositlion
than those of high-moleculér weiéht and the unsaturated ones,
the simple hydrocarbons quuife a hlgher ignition temperature,
as already verified by Holm (Zeitschrift flir angewandte Chenie
Vol. 36 (1913), p. 373, and by Wollers and Ehmcke (XKruppsche
Monatshefte, Vol. II (1931)}.

The surroundings also greatly affect the lgnlitien process.
Thls explains the vacillating behavior of the ignitlon tempera~
tures of simple hydrocarbons. Slight variations in the supply
of the hot mixture of alr and cxygen, or of the fuel or in the
slze or shape of the combustion ehamber, affect the ratio of
the heat Quantitles to one another and consequently the igni-
tion temperaturse. '

With different apparatus quite different ignition tempera-
tures are therefore obtained in the combustion of hydrocarbons
of high molecular weight in alr, or of simple hydrocarbons in
alr and oxygen. Comparative tests with a Krupp ignition-point
tester have verifie@ this fact. The lgnition temperatures thus

found differ greatly from the ones glven here. On the contrary,
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benzine and gas oil in oxygen had almoat the same ignlition tem-

peratures as those obtained in the present lnvestigatilon.

Translatlon by
National Advisory Committee -
for Aeronsutics.




Figs.1l,3

Apparatus
a,das bottle.
o,Water bottle.
c, o—-way cock.
d,Wash bottle.
e, Absorption vessel.

Fig.l

f,Calcium-chlorids tube.
g,Copper tube.
h,Dropper.

i,Rubber tube.
k,Ignition block.

v,Combustion chamber,

Fig.2 Ignition block.
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Figs.3-6
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